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SUMMARY 


Physical properties at room temperature and rupture test 
characteristics at 1200° F were used as criterions to evaluate the 
effects of systematic variations of solution treatments, aging 
treatments, and hot-cold-work on the properties of har stock from one 
heat of low-carbon N -155 alloy. The range in yield strength for 
0 . 02 — percent offset at room temperature was from 30,000 to 131,000 psi. 
Bupture strengths at 1200° F ranged from 10,000 to 66,000 psi at 
100 hours and from 35,000 to 56,000 psi at 1000 hours. This rupture- 
strength range is equivalent to such extreme variation as 100 to 
approximately 600,000 hours for fracture at 1200° F under a stress 
of 10,000 psi for the same har stock with different treatments. 

v 

Hot— cold— work in amount of 10- to 15-percent reduction at 
temperatures below ll00° F produced the highest strengths at both 
room temperature and 1200° F. Solution temperatures prior to hot— 
cold-work should be between 1950° and 2100 ° F. The best properties 
from solution treatments alone were obtained by quenching from 2100° F. 
After this solution treatment the alloy can be expected to ha ve a yield 
strength of about 10 000 psi and rupture strengths at 100 and 1000 hours 
of about 51,000 and 10,000 psi, respectively. Aging treatments at 1350° 
to ll00° F developed yield strengths between 10,000 and 50,000 psi anfl 
rupture strengths of about 50,000 and 10,000 psi at 100 and 1000 hours, 
respectively. Incomplete data indicate that aging treatments after 
hot-cold-work may be quite beneficial. The hot— worked condition provides 
the best all-round properties provided the hot-working conditions can be 
properly controlled. 

Solution treatments alone result in the lowest strength for several 
hundred hours in the rupture test. Proper aging improves the shorter- 
time rupture strength but results in steep, curves of stress against 
rupture time so that the aged condition is the weakest at the longer 
time periods. Hot— cold— work after the proper solution treatment produces 
the '•best rupture strength at both long and short time periods. 

Solution-treating at temperatures above 2100° F yields material 
with excessively low ductility in the rupture test. Such materials 
are also subject to brittleness at points of stress concentration during 
rupbure testing. Hot— cold-work acutely magnifies these two shortcomings. 
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Aging treatments are especially "beneficial to ductility in the rupture 
test and to alleviation of the stress— concentration brittleness. 

A rough correlation exists between Brinell hardness wnr) yield 
strengths and rupture strengths. The correlations, together with the 
specific trends shown by the detailed data, permit quite close pre- 
dictions of the properties of large forgings. Large forgings have 
properties which are slightly lower than those of the bar stock studied. 

Wide ranges in properties of most of the better alloys developed 
for gas-turbine service have been due to the influence of heat treatment 
and processing conditions on properties. The treatments used have been 
of more influence than wide ranges in chemical composition. The proper- 
ties of alloys in the hot-^worked condition are quite variable because hot- 
working simultaneously involves solution treatments, aging, and hot>-c old- 
work; and it is very difficult to control these under normal hot-working 
conditions. 

It is expected that the trends shown in this investigation for the 
various treatments will hold for other alloys. It is not expected, 
however, that the optimum treatments will be the same for «n alloys. 

A certain amount of test work on any other alloy will have to be done 
to establish the best conditions of treatment. It is also quite probable 
that the influence of the treatments on rupture strength may not be the 
same as their influence on the strengths for limited deformations. 

insofar as could be determined, both precipitation reactions 
strain hardening control the properties. High strength at room temperature 
and for short time periods at 1200° F probably depends on the presence of 
strain hardening, High long-time strength at 1200° F is dependent on 
aging during testing. Hot— cold-work at temperatures below 1400° F provides 
the best preparation for aging to high strength during testing at 1200° F. 
Aging treatments to be effective in a reasonable time period require a 
higher temperature treatment than 1200° F. The resulting precipitation 
has very little effect on room-temperature strength, improves the rupture 
strength at shorter time periods, but results in a very low strength at 
prolonged time periods. 


INTRODUCTION 


A program of research on heat— resistance alloys has been in progress 
at the University of Michigan for the National Advisory Committee 
for Aeronautics. At the outset of this program the major emphasis was 
placed on a search for new alloys with outstanding properties for gas 
turbines on the basis of chemical composition. From this work several 
alloys appeared to have outstanding properties. Further experience 
with these alloys indicated that their properties were quite dependent 
on the schedule used in processing and heat-treating. (See references 1, 
and 3 .) 
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This report is ‘based on a systematic study of the effects of heat 
treatment and hot-cold-work on the properties of low-carbon N-155 alloy. 
Bar stock from one heat of the alloy was subjected to 67 different 
treatments. The criterions used for evaluating the effect of the 
treatments were physical properties at room temperature and rupture 
test characteristics at 1200° F. 

Low— carbon N— 155 was one of the outstanding alloys which evolved 
from the initial work in this field by the NACA. The alloy was known 
to have a large range in properties depending on the forging and heat- 
treating conditions used in its production. (See reference 4.) For 
these reasons and because of the potential usefulness of the alloy at 
high temperatures it was selected as an acceptable alloy for f iinrt«Tnft nt «i 
studies. It is expected, however, that the principles developed from 
the work will be applicable to other alloys with considerably less 
experimental work. 

The criterions used were selected primarily because they were 
believed to be indicative of the suitability of alloys for service in 
the discs of rotors for gas turbines. The types of heat treatment 
and processing which should be used for producing such discs have not 
been clear and it seemed worth while to start the investigations on 
the effect of heat treatment and other processing variables on disc 
criterions . 

This work was conducted at the University of Michigan under the 
sponsorship and with the financial assistance of the National Advisory 
Committee for Aeronautics. 


TEST MATERIAL 


The following information concerning the lcw-carbon N— 155 alloy 
used in this investigation was supplied by the alloy producers: 

Alloy producers: 

A special heat was melted by the Union Carbide Carbon 
Research Laboratories, Inc. 

The ingot was processed by the Universal— Cyclops Steel 
Corporation 

Heat designation: 

Lot 30276 
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Chemical composition: 

The chemical composition was reported to "be the following 
percentages : 

C Mi Si S P Cr Ni Co Mo W Ob N 
0.12 1.64 O .39 0.003 0.026 21.33 18.88 18.60 3.21 I .97 1.10 0.12 

Fabrication procedure: 

The approximately 6000-pound ( 8 - by 7 -inch) ingot was hammer cogged 
without difficulty to 2 -inch-square billets with 2050 ° as mti m m 
and 1750° F as minimum working temperatures. The 2— inch-square 
billets were hot— rolled to 7 / 8 -inch— square bars in one heat 
from 2075 ° F to a finishing temperature of I 725 0 F. One hundred feet 
of the 7 / 8 -inch— square bar stock was furnished for this investigation. 

Structure : 

As received, the bar stock had a‘ Brinell hardness of 233 and 
a 0 . 02 -percent-off set yield strength of 72,500 psi at room 
temperature. The grain size was finer than 8 and there was 
relatively little grainr-boundary precipitation, as is shown by 
figure 1 . Considerable center segregation of excess constituents 
was observed however as is shown by the macrographs. After 
considerable study it was decided that the segregated condition 
was not too severe and that the stock was typical of the material 
being produced. 


EXPERIMENTAL PROCEDURE 


Tiie experimental procedure was designed to show the effects of 
the following treatments on the properties of low— carbon N — 155 alloy 
at room temperature and the rupture test characteristics at 1200° F: 

(l) Hot— rolled stock 

(a) Aging 

(b) Hot— cold— work 

(c) Agglomeration of excess constituents 
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(2) Solutior>-treated stock 

(a) Temperature of solutionr-treating 

(b) Time of solution treatment and cooling rate 

(c) Aging temperature 

(d) Aging time 

(e) Hot— cold— work after various solution treatments 

(f) Temperature of hot-cold-working 

(g) Amount of hot— cold— work 

(h) Aging prior to hot— cold-work 

(i) Aging after hot— cold— work 

(j) Effect of holding time at 1200° F before testing 

Solution treatments were varied from 1800° to 23OO 0 F, aging 
treatments from I35O 0 to I75O 0 F, and hoh-cold-working from room 
temperature to l800° F. A diagram which shows all the 67 treatments 
used is given in figure 2. 

The individual treatments were made on bars 8^ inches- long cut 

from 7 /8-inch— square bar stock. Solution treatments were carried out in 
a gas— fired furnace. Aging was done in an electric resistance furnace. 

Hot— cold-working was accomplished by rolling in a 5— inch, two-high 
rolling mill. 

The general procedure for rolling was as follows: The bar was 

heated for 1 hour at a temperature 20° F higher than the desired rolling 
temperature. In two passes the bar was reduced 10 percent. Reductions 
of 5 and 10 percent were made with no reheat , 15 and 20 percent with 
one reheat, and 25 percent with two reheats. A reheat consisted in 
placing the partially rolled bar in the furnace to bring it back to 20° F 
above rolling temperature. All hot— cold— rolled bars were given a final 
stress relief of 1 hour at 1200° F. 

The treated bars were sectioned to give a 5?r — inch— long by O.5O5— inch- 

diameter tensile specimen from one end, four 2^— inch-long by 0.l60-inch— 

diameter rupture specimens from the other end, and hardness and 
metallographic specimens from the small piece of stock remaining. 

The room-temperature tensile tests were conducted in a 60,000-pound 
hydraulic testing machine. The modified Martin type extensometer system 
used had a sensitivity of 0.000003— inch per inch. 

Rupture tests were run in individual stationary units applying the 
stress through a simple-beam and knife-edge system. Approximately 
2k hours was allowed for temperature adjustments prior to application of 
the stress. Only the minimum number of tests needed to indicate the 
100- and 1000-hour rupture strengths were run. The effect of time at 
temperature prior to loading on rupture properties was studied by 
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holding duplicate stressed specimens for 1 and 2k hours at 1200° F 
"before applying the stress. The materials used for this study were 
solution-treated or solution-treated and aged. 

Brine 11 hardness tests were run on. all the bars . Original 
metallographic samples were prepared for observation, and photo- 
micrographs were made of representative samples. 


RESULTS 


The detailed test data from the tensile tests at room temperature 
and rupture tests at 1200° F are given in tables I and II. The 
reported rupture strengths are based on the best logarithmic curves of 
stress against rupture time which could be drawn through the available 
data. Graphical presentation of the data has been used to show the 
findings from the various specific treatments studied. 

Treatment of Hot-Rolled Stock 

The effects of aging and of hot-cold-working the particular 
as— rolled stock used in this investigation, and summarized in figure 3, 
were: 


Aging .— The properties of the as-rolled stock were reduced at room 
temperature by aging in the temperature range from 1350° to 1750° F. 

These same treatments had very little effect on the stress for rupture 
in 1000 hours. Aging at 1500° to 1750° F did reduce the stress for 
rupture in 100 hours and increase the ductility in the rupture test. 

• Hot— cold-work.— Strength and hardness at room temperature were 
increased and ductility reduced in proportion to the amount of 
reduction during hot-cold-rolling at 1200° F. A reduction of only 
10 percent produced a yield strength at 0. 02-percent offset of 
100,000 psi. 

A reduction of 15 percent developed the maximum rupture strength. 
Lower rupture strengths were found after larger amounts of hot-cold— work. 
The reduction of 15 percent increased the stress for rupture of the hot- 
rolled material from 49,000 to 6 3,000 psi at 100 hours and from 37,500 
to 49,000 psi at 1000 hours. The hot-cold-work had no consistent effect 
on ductility in the rupture test. 

The only difference between a reduction of 10 percent at room 
temperature and at 1200° F was somewhat lower ductility in the rupture 
test due to working at room temperature. 
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Aging at lhOO° F after 15 percent hot— cold— work sharply reduced 
all properties over those of the hot-cold-worked material except hardness, 
ductility, and rupture strength at 1000 hours. 

Agglomeration of excess . constituents .— Severe working and annealing 
in the temperature range from ltSOO* to 1400° F to agglomerate excess 
constituents resulted in rupture properties similar to those obtained by 
aging at 1500° to 1750° F. It had been expected that such treatments ' 
would reduce rupture strengths to very low values. 


Properties after Solution Treatment 

The major part of the work was conducted on stock which had been 
solution-treated. The effects of various treatments should be more" 
generally applicable after solution treatments than for as-rolled stock 
which can be a quite variable material depending on rolling conditions. 
Graphical treatment has been used to show the findings from the various 
experiments : 

Time of solution treatment and cooling rate .— No variation of 
properties with solution time was observed at either 2050° or 2200° F 
solution temperatures. (See fig. h.) Rupture properties were some- 
what reduced with air-cooling when compared with those obtained by 
water-quenching . 

Temperature of solution treatment .— The major effects of solution 
treatments alone were to reduce strength and increase ductility at room 
temperature and to reduce the stress for rupture in 100 hours and the 
ductility in the rupture test. (See fig. 5.) The highest rupture 
strengths resulted from solution-treating at 2100° F, although there 
was very little difference over the temperature range from I95O 0 
to 2100° F. Highen-temperature treatments resulted in lower strengths. 
Ductility in the rupture test fell off rapidly with increasing solution 
temperature up to 2100° F. 

Solution treatments decrease the slope of the curves of stress 
against rupture time. This was indicated by most of the observed stresses 
for fracture in 1000 hours being equal to or higher than those for the 
hot-rolled stock and the 100-hour strengths being sharply reduced. 

Some susceptibility to brittleness at stress concentrations is 
to be expected when the solut i on— treatment temperature is high enough 
to cause low elongation in the rupture test. This was evidenced by a 
tendency for fracture to occur in gage marks or in fillets after the 
solution temperature was raised above 2100° F. 

The microstructures changed gradually with increasing temperature 
of solution treatment. (See fig. 6.) Partial resolution of the 
precipitates which formed during heating up occurred at 1950° F. Insofar 
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as could "be determined, a temperature of 2050° or 2100° F was necessary 
to obtain complete solution of all constituents except the apparently 
insoluble columbium carbides. Partial grain growth started at 1950° F. 
Higher temperatures produced uniform grains gradually increasing in 
size with increasing solution— treating temperature. The grain size 
was not excessive, however, even after s olut i on— tr e at ing at 23OO 0 F. 

Aging temperature .— (See fig. 7*) Aging treatments at 24 hours 
had relatively little effect on properties at room temperature. The 
major effect of aging on the results of rupture tests was to increase 
ductility. There was a maximum in 100-hour rupture strengths on 
aging at 1350° to 1400° F although the specific effects varied 
depending on the prior treatment and rupture time considered. Aging 
after solution-treating widened the difference between the strengths 
for rupture in 100 and 1000 hours in most cases. In general, better 
properties were obtained by aging as the solution temperature increased. 

The changes in properties seem small in comparison with the changes in 
microstructure shown in the typical examples in figure 8. 

Aging time.- (See fig. 9.) Aging at 1400° F after a 2050° F solution 
treatment improved the rupture strength and ductility for 100 hours 
at 1200° F but did not improve the strength at 1000 hours. A period 
of 8 hours at 1400° F produced nearly the maximum effect. 

Aging at 1400° F after a 2050° F solution treatment produced rupture 
strengths at 100 hours about equal to those similarly aged after a solution 
treatment at 2200° F. The ductility in the rupture test was much higher 
after a 2050° F treatment. The material solution— treated at 2050°F had 
somewhat lower strengths at 1000 hours than those treated at 2200° F when 
aged at 1400° F. 

Apparently aging at 1350° I* for 2k hours was slightly more beneficial 
to 100-hour rupture strength than aging at 1400° F. The 1000— hour strength 
of the material solution-treated at 2050° F was also improved but not when 
treated at 2200° F. Aging at 1350° F for 50 hours did not change the 
properties appreciably over those of material aged for 50 hours at 1400° F. 

Roomr-temperature properties were not appreciably changed by aging at 
the indicated times. 

Treatment prior to hot— cold-work .— (See fig. 10.) Various solution 
treatments prior to 15 percent hot— cold-work had very little effect on 
properties at room temperature. The hot-rolled stock, however, became 
harder and stronger than the solution— treated stocks. 

The min imum rupture strength occurred when the stock was treated 
at l800° F prior to hot-rc old-working. Stress for rupture in 1000 hours 
was independent of solution temperature above 1950° F and higher for 
the solutionr-treated material than for the ho1>-rolled material. The 
100-hour strengths were at a maximum when solution— treated at 1950° 
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to 2050° F; tut were' lower than for the as-rolled, material. Increasing 
the solution temperature lowered the difference between the stress for 
rupture in 100 and 1000 hours of hot— cold-worked material. 

Solution— treating above 2100° F prior to hot-cold-work resulted 
in severe stress-concentration brittleness. This was so severe in the 
material quenched from 2200° F that it was necessary to reduce the diameter 
of the test specimens in order to avoid fractures in fillets nnH threads 
of the specimens. 

Temperature, of hot-cold-working .- (See fig. 11. ) Strength at room 
temperature fell off as the temperature of hot-cold-working was raised 
from 1000° to l800° F. This decrease in resulting strength with 
increasing temperature of hot-cold-work was most pronounced between 1300° 
and l600° F. Ductility at room temperature was not affected by the 
temperature of working up to l600° F. 

The temperature of hoi>-c old-work had practically no effect on the 
results from rupture tests in the range from 1000° to lk00° F. When 
worked at higher temperatures the resulting rupture strength was lower 
and ductility higher. 

A solution treatment at 2200° F prior to hot— cold-work resulted in 
a lower gtress for rupture in 100 hours than when the solution treatment 
was 2050 F. There was practically no difference in the rupture strength 
at 1000 hours. Elongation in the rupture test was low after both 
treatments . 

In general, the properties resulting from a reduction of 10 percent 
at room temperature were not quite so good as when the reduction was 
at 1200° F. • 

Amount of hot-cold-work .— (See fig. 12.) Hardness and strength at 
room temperature were increased and ductility was reduced to a pronounced 
degree by increasing amounts of hot-cold-work at 1200° F. The indi- 
cations are, however, that the yield strength may be adversely affected 
by more than limited amounts of hot-cold-work. Between 10- and 15-percent 
reduction, depending oil the prior treatment, is needed to produce a yield 
strength of 100,000 psi for 0.02-percent offset. 

Rupture strengths increased markedly with percent reduction. Both 
prior treatment and rupture time influenced the relative rupture strengths 
to some extent. In general, the hot— rolled material had the best strength 
and ductility although its 1000— hour strength did not increase with 
percent reduction as much as for the solution— treated materials. Apparently 
solution treatments in the range from 1950° to 2200° F had relatively 
little effect on rupture strength, except possibly at the shorter time 
periods for the material solution— treated at 2200° F and reduced more 
than 10 percent. 
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Hot— cold-working at. 1200° F did not appreciably change the 
microstructure of the alloy. The photomicrographs in figure 13 show 
that relatively little grain distortion occurred and that the major 
effect vb,b some twinning and increase in the ease of etching of grain 
boundaries in comparison with the plain solution— treated material. 

Aging prior to hot—cold-work.— The major effect of aging solution- 
treated material for 2k hours at 1400° F prior to 10-percent hot—cold- 
work at 1200° F was a slight reduction in rupture strength and a 
considerable increase in rupture- test ductility when compared with plain 
solution— treated and hot— cold-worked material. (See fig. 12.) 

Aging after hot-cold-work .- Aging for 2k hours at l400° F after 
15— percent reduction at lg00 u F lowered both the room-temperature and 
rupture strengths of 2050 F solution— treated material over the unaged 
material. The rupture test ductility was materially improved. (See 
fig. 10.) 

When solution-treated at 2200° F, however, the major change 
produced by aging after hot-cold-work was a substantial increase in 
rupture strength compared with the unaged material. 


Effect of Holding Time in the Rupture Test Unit before Testing 

The possibility exists that the results of the rupture tests might 
be influenced by aging during the standard test procedure of holding 
specimens for approximately 2k hours in the units for temperature 
adjustment before applying the stress. Partial data from a study of 
the effect of holding time in table III are inconclusive. Materials 
solution-treated at 2200° F apparently were strengthened somewhat by 
holding 2k hours while those solution— treated at 2050° F were weakened. 
In either case the variation was not enough to change the results of 
the investigation. 


DISCUSSION OF RESULTS 


The properties of low— carbon N— 155 alloy can be influenced to a 
pronounced degree by heat treatment and hot—cold-work. The ranges in 
properties for each type of treatment are summarized in figure 14. 

For the particular hot— rolled stock tested, strength at room temperature 
will be reduced by any heat treatment alone and only hot—cold-work 
will increase it. Only the rupture strength at 1000 hours can be 
improved by solution and aging treatments. Marked increases in room- 
temperature strength and in rupture strength can be obtained by ho tr-c old- 
work. For any type of treatment, however, a range in properties will 
result depending on the conditions of treatment. 
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The total range in properties produced by the treatments was very 
wide. Yield strengths at room temperature ranged from 30,000 
to 134,000 psi at 0.02— percent offset. The stress for rupture 
in 100 hours at 1200° F varied from 40,000 to 66,000 psi «nH in 
1000 hours from 35,000 to 56,000 psi. In terms of time for fracture 
these results mean that in its weakest condition the alloy would 
fracture at 1200° F under a stress of 40,000 psi* in 100 hours. In 
the strongest condition the alloy would carry the 40,000 psi for an 
estimated 600,000 hours. Under a stress of 56,000 psi the strongest 
condition would fracture in 1000 hours at 1200° F, whereas the weakest 
condition would fail in less than 0.1 hour. Ductility in the rupture 
test also varied over wide limits. The percentage elongation for 
fracture in 100 hours ranged from 1 to 40 percent. 

These wide variations are significant for several reasons. The 
most important is that processing and heat treatment must be controlled 
to obtain the highest strengths possible from the alloy. Rather wide 
variations in properties for several heats have been due to a lack of 
suitable control of the processing conditions. The absence of systematic 
correlations between chemical composition and properties for a wide 
range of alloys is believed due to uncontrolled comparative processing 
and to the possibility that optimum properties may require different 
treatments for each alloy. The wide range in properties which 
been observed for any one alloy in the hot-worked condition quite 
certainly is due to the effects shown for heat treatment and hot-cold— 
work. During hot-working an alloy is heat-treated and ho t-c old-^worke d 
simultaneously. Therefore a range in properties is to be expected 
depending on the conditions of hot-working. 


Limitations of Data 

There are several limitations to the general applicability of the 
data. One of the most important is that only one heat and lot of bar 
stock has been studied. Information is not available regarding the 
influence of melting and hot^working variables on the results obtained. 
The data shown for hot-worked material are considered to have the 
least general applicability because hot-worked stock could conceivably 
vary from a quite thoroughly solution-treated condition to a severely 
cold-worked and agglomerated material. Those experiments which involved 
a fairly thorough solution treatment should have given typical data 
for any heat. Further work on other heats is needed, however, to 
demonstrate the degree of reproducibility between heats. 

All comparisons have been based on room-temperature properties 
and rupture test characteristics at 1200° F. Caution is needed in 
applying the results of the rupture tests to applications involving 
limited permissible deformation. There is reason to believe that the 
relative effects of the different treatments would vary considerably 
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depending on the amount of deformation and the time period considered. 

It is also quite certain that optimum treatments would he very different 
at higher temperatures than 1200° F. 

In all the test work the number of tests was limited to the 
minimum necessary to indicate the level of properties for each 
treatment. Some of the reported strengths may be somewhat in error 
because of variations in test material. Precise determination of the 
properties for design purposes would require a more thorough testing 
program. 


Recommended Treatments for Gas-Turbine Discs 

The problem of determining which treatments will produce the best 
material for the disc of a gas turbine is not clear even from the data 
available. The choice of any particular treatment would depend on the 
yield strength necessary at room temperature, the time period for 
rupture at 1200° F considered, and the ductility restrictions. The 
as— rolled stock when hot-cold-worked produced the highest yield 
strengths and rupture strength, except for 1000 hours for fracture, with 
the best ductility in the rupture test. In other words, for applications 
involving service of only a few hundred hours the hoi>-rolled and hot— 
cold-worked material had the best all-round properties. The difficulty 
with the finding is that in production it would probably be very 
difficult to control the hot-working conditions satisfactorily so that 
consistently uniform properties could be obtained, particularly long- 
time rupture ductility at 1200° F. 

The best solution treatment alone appears to be about 2100° F. 

The yield strength at room temperature, however, will be below 40,000 psi 
The stresses for rupture in 100 and 1000 hours should be about 51*000 
and 40,000 psi. 

The relative effectiveness of aging depends on prior treatment and 
on the rupture time at 1200° F considered. The major benefit appears to 
be increased ductility in the rupture test. The data indicate that an 
aging time of either 2 or 24 hours at 1350° to 1400° F is the best 
treatment although there is surprisingly little difference in properties 
when the aging temperature is as high as 1750° F. Aging at these 
temperatures should produce a yield strength at room temperature 
between 40,000 and 50,000 psi, a 100-hour rupture strength at 1200° F 
of about 51*000 psi, and a 1000— hour strength between 35*000 
and 43,000 psi. 

The highest possible strength at room temperature and in rupture 
tests at 1200° F is dependent on the presence of hot— cold-work. The 
hot-cold-working should be carried out at temperatures below 1400° F 
in order to develop maximum properties. A reduction of 10 to 15 percent 
in this temperature range is all that is required. Material processed 
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in this manner can he expected to have yield strengths from 90,000 
to 110,000 psi at room temperature and rupture strengths for fracture 
in 100 hours from 60,000 to 63,000 psi and in 1000 hours from 52,000 
to 55,000 psi. Very low ductility in the rupture test will he associ- 
ated with any effectively solution-treated and hot-cold-worked materials 
unless the working temperature is above 1400° F. 

The upper limit of temperature of solution— treating prior to hot— 
cold-working lies between 2050° and 2200° F. A solution temperature of 
2200° F will result in somewhat poorer properties than a 2050° F 
treatment. The major objection to the higher solution temperature, 
however, is the excessive brittleness under slow strain rates. The 
lower limit of solution— treating lies between 1950° and 1800° F. The 
properties obtained with a 1950° V treatment were quite si ml Tar to those 
with a 2050°.F treatment with somewhat better ductility in the rupture 
test. The rupture strengths after treating at l800° F were low. 

The limited data available indicate that an aging treatment prior 
to hot-cold-working will not affect the room-temperature properties 
but will have a pronounced effect on the rupture properties. Bupture 
strengths apparently will be substantially lower and the ductility 
much better. This procedure, however, avoids the stress-concentration 
brittleness of the plain solution— treated and hot-cold-worked material. 

Proper aging after hot-cold-working apparently will substantially 
improve material solution-treated at 2200° F prior to hot— c old-work ing . 
When solution— treated at 2050° F., however, aging will reduce all 
properties except ductility in the rupture test. The sensitivity to 
stress— concentration brittleness will also be removed. The potential 
improvements from aging after hoh-cold-working are sufficient to 
warrant further work to establish the results of such treatments more 
completely. 

It then appears that if high yield strength at room temperature 
and high rupture strength at 1200° F are adequate criterions of gas- 
turbine service the best procedure is to solution— treat in the temper^ 
ature range from 1950° to 2050° F and then to hot-cold-work to 10- 
to 15— percent reduction at temperatures below 1^00° F. Hot-cold-working 
the alloy in the hot— worked condition is not recommended, even though 
equal or better properties were obtained by that procedure in this 
investigation, because hot-worked material will probably be quite. variable. 


Treatments for Prolonged Service 

Hot— cold-work produced the highest rupture strengths for prolonged 
service at 1200° F as is shown by the typical curves of stress against 
rupture time in figure 15 . 
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This finding is contrary to the current metallurgical "belief that 
the hot-cold-worked condition of all alloys is so unstable that it will, 
lose its strength superiority at only slightly longer time periods 
than 1000 hours. This belief is probably correct for lower-alloyed 
materials but is evidently not true for more highly alloyed materials 
such as low-carbon N— 155 alloy. 

The curves in figure 15 show that the slope of the curves of 
stress against rupture time for properly solutionr-treated and hot-cold— 
Worked low-carbon N-155 alloy is not much greater and is at a higher 
stress level than for the best solution-treated material. On the basis 
of rupture strength, therefore, the best preparation for prolonged service 
is to hot-cold-work properly. The highest rupture strengths were obtained 
by solution— treating at 2050° F prior to 15-percent reduction at 
1200° F and then aging at l400° F or by solution-treating at 1950° F 
followed by hot-cold-working to 15-percent reduction at 1200° F. 

Only intermediate rupture strengths at prolonged time periods 
result from the best solution temperature of 2100° F. Aging treatments 
apparently result in the lowest strengths at the longer time periods. 


Data Correlation 

One of the objectives of this investigation is to develop 
relationships which will permit checking the relative properties of 
any lot of low— carbon N-155 alloy by means of a few simple tests. 

This phase has not yet been properly investigated. The relationships 
between Brine 11 hardness and properties is, however, shown in 
figures 16, 17, and 18. At any" hardness level the yield strengths 
at room temperature may vary as much as 30*000 psi. Hardness is 
indicative of rupture strength to within about 10,000 psi. 

The relationships between hardness and properties do not give 
consideration to the individual treatments. The data curves for 
various treatments in previous figures indicate that hardness would 
correlate much closer with properties for any one treatment. More 
data on several heats are needed before the degree of reproducibility 
of hardness for any one treatment can be determined. It is believed, 
however, that the general curves of figures 1 6, 17, and 18 are indica- 
tive of the range in properties which might be espected at any hardness 
level. 

Two reports have been issued for low— carbon N-155 discs. (See 
references 4 and 5* ) The degree to which the properties of these discs 
correlated with the results of this investigation is summarized in 
table TV". The average test data for the discs are compared with the 
data for similarly treated bar stock in this investigation. Estimated 
values are also included which are based on the Brine 11 hardness 
correlations and the experience gained from the trends of the effects 
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of the treatments on bar stock. This table shows that the discs tend 
to have lower properties than bar stock; but the actual results from 
bar stock and from estimates based on hardness are of the same order 
as the test results from the discs. 

The trends found for the types of treatment should be applicable 
to other alloys of the same general type. In each case, however, 
additional test work will have to be carried out in order to establish 
the optimum treatments for other alloys. Relative stability of the 
structures produced will probably vary for each analysis. The types 
of precipitates which form may require other conditions of heat 
treatment and hot-cold-work for best properties. The data for 
low— carbon N-155 alloy in this report should serve as a guide to reduce 
the testing of other alloys to a minimum. 


Theoretical Considerations 

The mechanism by which the treatments influence properties has not 
yet been established. Pronounced changes' in precipitated constituents 
occur during solution and aging treatments. The most logical explanation 
is that the treatments change the size, dispersion, and possibly the 
composition of the precipitates which form during the treatments or 
during testing. Strain hardening may also be an important part of the 
pronounced effect of hot— cold-work. 

The similarity in properties resulting from cold-working at room 
temperature and hot-cold-working at 1200° F suggests that precipitation 
during hot-cold-work at temperatures up to 1200° F is not a major factor. 
If this is the case then major effects of hot-cold-work must be through 
strain hardening and its influence on precipitation reactions during 
testing. If precipitation during hot-cold-working is appreciable then 
a similar amount of precipitation must occur very rapidly during testing 
after cold-working at room temperature. The pronounced influence of 
prior treatment on the properties after hot-cold-working would seem to 
indicate that precipitation reactions are important . In view of the 
similarity of the slopes of the curves of stress against rupture time 
after hot-cold-working and after solution— treating it seems unlikely 
that strain hardening alone could be the predominating factor. 

The data are not complete enough to indicate how much precipitation 
during hot-cold-working at higher temperature influenced the properties. 
The indications are, however, that above l400° F aging occurs which is 
not so beneficial to strength as that which occurs after working at 
lower temperatures. 

The relatively steep slope of the curves of stress against rupture 
time after most aging treatments when compared with those for solution- 
treated materials suggests that the precipitates which form during 
aging are either unstable or are distributed or formed in a mnnna-r which 
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does not provide as good strength as those which precipitate during 
testing. The aging treatments which were effective in changing the 
properties were at considerably higher temperatures than the test 
temperature of 1200° F. It therefore appears that the higher temperature 
treatments overage the alloy in comparison with the aging which takes 
place during prolonged rupture testing. The high strength at long time 
periods predicted by the relatively flat curves of stress against rupture 
time after solution treatment indicates that the precipitates formed 
during testing are distributed or formed in a manner more advantageous 
to strength, or of a different, more effective type, than those formed 
during aging treatments. The very low rupture strength at short time 
periods after solution treatments suggests that precipitation takes place 
very slowly at 1200° F and that considerable time must elapse before 
sufficient precipitation occurs to develop strengths, equivalent to those 
obtained by other added treatments. 

The low ductility in the rupture test and sensitivity to brittleness 
at stress concentrations associated with the completely solution— treated 
condition are also probably manifestations of precipitation during 
testing. The improvement in ductility and toughness through subsequent 
aging treatments probably results from these treatments changing the 
precipitate size and dispersion. 

It is difficult to understand why aging treatments alone do not 
have more influence on the properties at room temperature. Apparently 
the precipitates are of a form or dispersion which do not have much 
effect on properties at room temperature. An unlikely alternative 
explanation could be that little actual precipitation occurs during 
the heat treatments and that the major effect of the treatments is 
observed at high temperatures because of their influence on precipitation 
during testing. 

In summary then, the probable mechanism which controls rupture 
properties involves the following conceptions: (l) Solution treatments 

remove strengthening due to precipitation or strain hardening. Conse- 
quently, properties are low at room temperature and for short time periods 
at 1200° F. During prolonged testing at 1200° F, however, precipitation 
occurs slowly and develops high strength. (2) Aging treatments cause 
either a different form or type of precipitate to appear which gives 
higher short-time rupture strengths than the plain solution— treated 
material. The longer— time strength, however, obtained with the initial 
precipitation of aging is not so high as that which results from 
precipitation during testing of the material solution-treated only. 

The precipitation during aging has relatively little effect on properties 
at room temperature possibly because the aging treatment mainly 
influences precipitation during testing at high temperatures. (3) Hot— 
cold-work provides high strength at short time periods at 1200° F and 
at room temperature possibly from strain hardening. High strength in 
prolonged rupture tests under proper conditions of heat treatment and 
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hot-c old-work probably results from precipitation during testing which 
strengthens and maintains the high level of strength developed by the 
strain hardening. (4) Hob-worked materials have varied properties 
because all the trends discussed under the first three items could be 
influencing the properties. 


COHCLUSIOHS 


The properties of bar stock from one heat of low-carbon B— 155 alloy, 
as measured by tensile tests at room temperature and rupture tests 
at 1200° F, have been systematically measured over wide limits after 
solution treatments, aging treatments, and hot— cold-work. 

Yield strengths at room temperature ranging from 30,000 
to 134,000 psi at 0 . 02 — percent offset can be produced in the alloy. 

The same treatments will result in rupture strengths for fracture 
in 100 hours at 1200° F from 40,000 to 66,000 psi and for fracture 
in 1000 hours from 35*000 to 56,000 psi. These rupture strength 
ranges are equivalent to such extreme differences in actual time 
for fracture as 100 to 600,000 hours under a stress of 40,000 psi 
for the same alloy with different treatments. 

On the basis of the yield strength for 0.02-percent offset at 
room temperature and rupture properties at 1200° F the following 
standard— type treatments are the best for the alloy : 

1. For solut ion— treat ing the alloy only, the optimum temperature 
is about 2100° F. The yield strength will be below 40,000 psi and the 
rupture strengths for 100 and 1000 hours will be about 51*000 

and 40,000 psi. Treatments at lower and higher temperatures will 
result in lower rupture strengths. Higher temperatures also will 
cause excessively low ductility and brittleness at stress concentrations 
during rupture testing. 

a 

2. The best aging treatment, 1350° to 1400° F for either 2 or 24 hours, 
will result in yield strengths between 40,000 and 50,000 psi and rupture 
strengths of about 50,000 psi for 100 hours and 35*000 to 43*000 psi for 
1000 hours. Major effects of aging treatments will be increased ductility 
in the rupture test and low rupture strength for time periods longer than 
1000 hours. 

3 . High strength is dependent on hot— cold-work. Maximum properties 
will be developed by 10 — to 15 - percent reduction at temperatures 

below 1400° F. The solution temperature prior to hot— cold-working 
should be between approximately 1950° and 2100° F. Yield strengths 
between 90,000 and 110,000 psi and rupture strengths for fracture 
in 100 and 1000 hours of better than 60,000 and 52,000 psi will be 
obtained. These treatments also produce the highest rupture strength 
at prolonged time periods. 
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Higher solution temperatures cause lower strengths and extreme 
brittleness in the rupture test. 

k. Incomplete data suggest that further testing would show distinct 
benefits from aging after ho t— c old-work . 

5. Properly hot-worked, or hot-worked and then hot-cold-worked, 
material will have the best all-round properties. Such treatments are 
not recommended, however, because of the difficulty of controlling 
hot-working conditions. The original hot-worked material could vary 
from the fully solution— treated to the severely hot-cold-worked condition 
depending on the hotr-working conditions. 

There are certain limitations to the data. Testing was kept to 
the bare minimum to show trends. Other characteristics than physical 
properties at room temperature and rupture properties at 1200° F have 
not been considered. More work on other heats is needed to verify the 
reliability of the reported data. More complete design data are needed 
for the optimum treatments. The optimum treatments for service at 
higher temperatures than 1200° F are certain to be different from those 
found in this investigation. 

The trends found for the effects of various treatments in this 
investigation should apply to other alloys of the same type. Optimum 
treatment conditions, however, will almost certainly vary for each alloy. 

Hough general relationships exist between properties and Brine 11 
hardness. By the use of these relationships and the detailed effects 
of various treatments the order of magnitude of test results from large 
forged discs can be predicted quite closely. The properties of discs 
will in general be somewhat lower than those of bar stock. 

This investigation did not include a careful study of the mechanism 
by which the treatments affect properties. It appears, however, that 
precipitation has very little influence on room-temperature properties. 

The highest rupture properties result from precipitation during working 
or testing at 1200° F. Aging at higher temperatures adversely affects 
the precipitation reaction. High strength at room temperature and. high 
rupture strength for short time periods after hot— cold-working at 
temperatures up to 1200° F are apparently due to strain hardening. Strain 
hardening probably results in very effective precipitation during rupture 
testing. The evidence regarding precipitation resulting from or during 
working at higher temperatures than 1200° F is not clear but apparently 
working temperatures above l400° F are unfavorable to 1200° F strengths. 


University of Michigan 

Ann Arbor, Mich., September 5, 19^7 . 
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TABLE H.- RUPTURE TEST CHARACTERISTICS AT 1200° F OF LOW-CARBON N-155 BAR STOCK 


Heat treatment 


Solution treatment 

Aging 

treatment 

(a) 

Hot— c old— rolling 

00 . 1 

hipture proper 

ties at 1200 

Method 

(°F)° cooling 

( c ) 

Temper- 

ature 

(°p) 

Time 

(hr) 

T :r.r Percent Stress 

(Cj.) reduction (pel) 

Rupture 

time 

(hr) 

Elongation 
in 1 in. 
(percent) 

Reduction 
of area 
(percent) 

Aging and rolling hot-polled bar stool 



(d) (d) (d) 

(d) 

(d) 

(d) (d) 55,000 

8.5 

e 9.5 

8.5 




50,000 

75 

17 

23.3 




45,000 

252 

19 

23.3 




40,000 

old 

34 

48.3 

— 

1350 

24 

50,000 

123 

12 

49.2 




45,000 

24l 

38 

55.3 




41,000 

4n 

33 

55.3 

— 

1500 

24 

50,000 

54 

16 

46.5 




45,000 

1 66 

12 

50.1 




40,000 

430 

4o 

58.6 

— — 

1750 

24 

50,000 

40 

49 

51.9 


(pel) 

100 hr I 1000 hr 


00 

(h) 

(h) 

(i) 

(i) 

U) 






Solution-treated at 1800° F 



Solution-treated at I95O 0 F 



2 

V.Q. 

2 

V.Q. 




58.6 42,000 35,000 

56.1 

55.3 

52.0 

41.5 55,000 40,000 

32.8 

46.0 


27 

35.0 

25.5 

40.8 

30 

40.8 

4 

8.1 

5 

17.2 

5 

16.3 



All aging treatments preceded ho1>-c old— rolling except vhere noted. NAT 

°A11 hot— cold-rolled material was given a final stress relief at 1200° F far 1 hr. 

°W.Q., vater^uenched; A.C., air-cooled. 

“•Ae-hot-r oiled . 
e Fractured in gage mark. 

^Estimated. 

®Aged after rolling. 

1 o^o rCen ^ re ^ uc ^^ on at L200° F; 65— percent reduction from l800° to 1400° F. 

a ^ r ~ CO °led to lk °° F > 20-percent reduction at 1400° F; repeated five more times; then l800° F 2 hr 
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TABIZ H,- RUPTURE TEST 


AT 1200° F OF LOf-CAEBOR B-155 BAR STOCK - Continued. 


Heat treatment 


Rupture properties at 1200° F 



Rupture strength 
(pei) 


100 hr 1000 hr 


45,000 40,000 


^5,500 39,000 , 


43,000 39,000 


49,000 40,500 


49,000 39,000 


51,000 40,000 


50,000 39,500 


50,500 35,000 


48,000 36,500 


52,000 40,000 


48,000 36,000 


47,500 f 35,000 


51,500 38,000 


a AH aging treatments preceded hot-c old-rolling except vhere noted. 

^All hot— c old— rolled material was given a final stress relief at 1200° F for 1 hr. 
°W.Q., vater-quenched ; A.C., air-cooled. 

^Fractured in gage mark. 
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TABLE H.- BUPTUHE TEST CHABACTERISTICS AT 1200° F OF LOW-CABBOH B-I55 BAB STOCK - Continued 


Heat treatment 


i-r oiling 
(t) 

Rupture properties at 1200° F 

Solutio] 

1 treatment 

Aging 

treatment 

(a) 

Hoi>-col< 

Temper- 

ature 

<°F) 

Time 

(hr) 

Method 

of 

cooling 

(e) 

Temper- 

ature 

(°F) 

Time 

(hr) 

Temper- 

ature 

(°F) 

Percent 

reduction 

Stress 

(psi) 

Rupture 

time 

(hr) 

Elongation 
in 1 in. 
(percent) 

Reduct ior 
of area 
(percent] 

Rupture strength 

(psi) 

100 hr 

1000 hr 

Solution-treated at 2050° F 



Cold-working 

amount 

and temperature 







2050 

2 

V.Q. 




75 

10 













(9.8) 

60,000 

24 

•l 

5.3 

56,000 

50,000 








55,000 

275 

- 4 

11.2 










50,000 

1068 

5 

20.6 



2050 

2 

V.Q. 


-- 

1200 

5 

55,000 

46 

2 

5.6 

52,000 

44,000 








52,500 

86 

2 

9.7 










50,000 

261 

e 4 

8.5 










45,000 

821 

18 

23.3 



2050 

2 

V.Q. 


-- 

1200 

10 

60,000 

69 

e l 

2.7 

59,000 

52,000 








55,000 

614 

4 

11.0 









50,000 

1465 

8.5 

23.2 



2050 

2 

V.Q. 

1400 

24 

1200 

10 

55,000 

88 

22 

39.8 

54,000 

43,500 








50,000 

268 

18 

31.3 









47,000 

302 

°15 

23.3 










44,000 

920 

15 

4o.o 



2050 

2 

V.Q. 


— 

1200 

15 

60,000 

167 

1 

1.5 

62,000 

53,500 







(14.3) 

55,000 

389 

8 

21.0 









52,000 

1556 

4 

16.4 



2050 

2 

V.Q. 

8 i4oo 

24 

1200 

15 

55,000 

no 

18 

37.9 

55,500 

48,000 








52,500 

365 

19 

37-9 










50,000 

576 

13.5 

37*9 



2050 

2 

V.Q. 




1200 

20 

63,000 

102 

1.5 

2.8 

62,000 

56,000 







(18.9) 

60,000 

95 

2 

6.9 









60,000 

243 

1.5 

4.1 










57,500 

773 

3 

7.0 










55,000 

1343 

3 

7.8 



2050 

2 

V.Q. 


-- 

1200 

25 

70,000 

19 

2 

5.7 

66,000 

56,000 








65,000 

200 

4 

11.0 

✓ 









60,000 

493 

5 

18.9 










55,000 

1142 

5 

21.6 



2050 

2 

V.Q. 


— 

1000 

15 

65,000 

79 

2 

2.5 

63,500 

53,000 







(15.6) 

60,000 

208 

1.5 

2.8 








55,000 

389 

9 

21.3 










50,000 

2087 

^5 

19.1 



2050 

2 

V.Q. 


-- 

1400 

15 

65,000 

66 

3 

10.9 

62,500 

52,000 







(15.3) 

60,000 

176 

3.5 

13.2 









55,000 

551 

6 

25.6 



2050 

2 

V.Q. 


— 

1600 

15 

60,000 

40 

15 

29.8 

56,000 

45,000 







(14.3) 

55,000 

188 

11 . 

37.2 










50,000 

321 

13 

40.2 










45,000 

1013 

l4 

29.5 



2050 

2 

V.Q. 


-- 

1700 

15 

55,000 

61 

24.5 

36.9 

52,000 

39,000 







(15.7) 

50,000 

123 

25 

36.9 










45,000 

342 

28 

39.8 



2050 

2 

V.Q. 


-- 

1800 

15 

54,000 

48.5 

25 

36.9 

51,000 

43,000 







(15.0) 

50,000 

125 

19 

35.0 










45,000 

535 

20 

33.0 




All aging treatmentB preceded, hot— cold— rolling except where noted. 

^All hot-cold— rolled material was given a final stress relief at 1200° F for 1 hr. 
°V.Q., water-quenched j A.C., air-cooled. 

^Fractured in gage mark. 

SAged after rolling. 
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IABI£ rr— ituirutus TEST CHARACTERISTICS AT 1200° F OP LCW-CAHBQH B-I 55 BAR STOCK - Contlnusd 


Heat treatment 

Hbt-cold-rolling 

00 

Rupture properties at 1200° F 

Solution 

n tre 

atmerrt 

Agin 

treatm 

(a) 

B 

ent 

Temper- 

ature 

(°F) 

Time 

(hr) 

Method 

of 

cooling 

(c) 

Temper- 

ature 

(°F) 

Time 

(hr) 

Temper- 

ature 

(°p) 

Percent 

reduction 

Stress 

(psi) 

Rupture 

time 

(hr) 

Elongation 
in 1 in. 
(percent) 

Reduction 
of area 
(percent) 

Rupture strength 
(psi) 

100 hr 

1000 hr 



Solution-treated at 2100° F 



2100 

1 

V.Q. 





50,000 

45.000 

40.000 

35 

140.5 

1003 

e 9 

e 6 

16 

17.8 

10.9 

17.8 

46,500 

40,000 




Solution-treated at 2150° F 


2150 

1 

V.Q. 





45.000 

41.000 

40.000 

37.000 

83 

47 

312 

1743 

e 5 

e 5.5 

e 6.5 

13 

14.4 

15.6 

9.7 

16.7 

42,500 

38,000 


Solution— treated, at 2200° F 


Time and cooling rate 


2200 

1 

2 

V.Q. 

.... 

~ 

.... 

2200 

1 

V.Q. 

.... 

- 


22Q0 

1 

A.C. 

~~ 

- 

— - 

/ 

tging 

time and temper* 

iture 


2200 

1 

V.Q. 

1400 

2 

— 

2200 

1 

V.Q. 

1400 

8 


2200 

1 

V.Q. 

1400 

16 


2200 

1 

V.Q. 

1400 

24 

— - 

2200 

1 

V.Q. 

1400 

50 

— - 

2200 

1 

V.Q. 

1350 

24 

.... 

2200 

1 

V.Q. 

1350 

50 

.... 

2200 

1 

V.Q. 

1500 

24 

. — - 

2200 

1 

V.Q. 

1600 

24 


2200 

1 

V.Q. • 

1750 

24 

— - 


®A11 aging treatments preceded hot-cold-2 


45.000 

42.500 

40.000 

50.000 

45.000 

40.000 

37.500 

45.000 

40.000 

37.000 


53,000 

50,000 

45.000 

50.000 

45.000 

42.000 

50.000 

45.000 

42.000 

54.000 

50.000 

47.000 

45.000 

50.000 

45.000 

41.000 

50.000 

45.000 

40.000 

50.000 
[45,000 
|4o,ooo 

35.000 

50,000 

145.000 
[40,000 

50.000 

45.000 

40.000 

35.000 

50.000 

45.000 

41.000 


14 

e 8.5 

14.4 

42,000 

38,000 

149 

e 7 

9.1 

420 

°9 

6.2 



4 

°5 

26.7 

42,000 

38,000 

29 

4 

15.6 

247 

°6 

6.2 



1500 

— 

— 



30 

6 

10.9 

40,000 

f 35,000 

77 

e 3 

9.7 

396 

°5 

9.7 



60 

13 

15.4 

51,000 

44,000 

113 

15 

13.3 

658 

14 

20.0 



36 

5 

H.5 

47,000 

40,000 

178 

8 

7.3 

558 

e 8 

7-3 



67 

12 

17.8 

48,500 

41,000 

384 

e 12 

16.5 

510 

15 

17.8 



48.5 

©12 

18.3 

50,000 

42,000 

118 

14 

17.8 

133 

18 

23.3 



398 

21 

30.8 



88 

20 

33.0 

49,000 

38,500 

234 

20 

21.2 


573 

20 

22.0 



170 

15 

23.3 

53,000 

39,500 

335 

21 

20.0 


918 

36 

35.0 



53 

e 12 

13.3 

47,000 

37,000 

145 

e 10 

16.7 

479 

e l4 

21.2 



3301 

19 

21.6 



7 6 

25 

35.0 

49,000 

35,000 

209 

22 

25.6 


346 

30 

. 39.6 



l4l 

36 

37.9 

51,000 

35,500 

216 

32 

36.0 

468 

35 

43.8 



1168 

28 

31.4 



78 

30 

39.8 

49,000 

40,000 

245 

27.5 

39.8 

696 

33 

36.0 




All hot— cold— rolled material vas given 
°W.Q., vater-quenched; A.C., air-cooled, 
^Fractured in gage mark. 
r EBtimated„ 


■rolling except vhere noted, 
a final stress relief at 1200° F for 1 hr. 
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TABLE H.- RTJPTUKE TEST CHARACTERISTICS AT 1200 ° F OF LCW-CARBON N-155 BAR STOCK - Concluded 


Heat treatment 









Solution treatment 

Aging 

treatment 

(a) 

Hot-cold-roll ing 

M 


Rupture properties at 1200° F 


Temper- 

ature 

(°F) 

Time 

(hr) 

Method 

of 

Temper- 

ature 

(°F) 

< 

Time 

(hr) 

Temper- 

ature 

(°F) 

Percent 

reduction 

Stress 

(pal) 

Rupture 

time 

(hr) 

Elongation 
in 1 in. 
(percent) 

Reduction 
of area 
(percent) 

Rupture strength 
(psi) 

(c) 

100 hr 

1000 hr 

| Solutionr-treated at 2200° F 


Cold-working amount and 

temperature 







2200 

1 

W.Q. 


— 

1200 

5 

(5.D 

55,000 

50,000 

76 

333 

1.5 

2 

7-0 

12.2 

54,000 

f 47, 000 

2200 

1 

W.Q. 


-- 

1200 

10 

60,000 

50,000 

37 

1914 

1-5 

3.5 

4-5 

7-0 

57,000 

51,000 

2200 

1 

W.Q. 

1400 

24 

1200 

10 

58.000 

55.000 
52,500 

50.000 

101 

87 

200 

403 

n 

e 12 

10 

15 

17.8 

14.4 

14.4 

24.5 

56,000 

f 47, 000 

2200 

1 

W.Q. 



1200 

15 

(1*.3) 

55,000 

52,000 

4-5,000 

12 

2115 

j 1943 

0 1 

2 

4.3 

6.0 

f 54,000 

52,000 

2200 

1 

W.Q. 

e l400 

24 

1200 

15 

65.000 

60.000 

55.000 

78 

228 

693 

4.5 
. 5-5 

e 3 

10.9 

9-7 

5-0 

64,000 

53,500 

2200 

1 

W.Q. 


" 

1000 

15 

(15.6) 

55.000 
52,500 

50.000 

77 

134 

574 

1-5 

-5 

1 

4.1 

1-7 

1-5 

54,000 

49,000 

2200 

1 

W.Q. 


■ 

1400 

15 

(1U.9) 

60.000 

55.000 
52,500 
50,000 

4o 

146 

581 

1646 

1 

1 

1 

1-5 

1.5 

4.2 

1.4 

3-5 

56,000 

51,000 

2200 

1 

W.Q. 


'■ 

1600 

15 

(1^.3) 

55.000 

50.000 

45.000 

no 

235 

736 

*.5 

6.5 

10 

13.8 

19.0 

25.4 

55,500 

*0,500 

Solution— treated at 2250° F 




W.Q. 

1 


1 



50.000 

40.000 

35.000 

37,500 

8.5 

120 

^2251 

3122 

°5 

4 

10 

16.5 

16.0 

15-3 

41,000 

38,000 

Solution— treated at 2300° F 




W.Q. 





45.000 

40.000 

36.000 

38.000 

98 

260 

k 12l7 

978 

6 

e 7 

4.5 

12.8 

7.7 

12.1 

44,000 

37,500 


a All aging treatments preceded hot-cold-rolling except where noted. 

^All hot-cold-rolled material was given a final stress relief at 1200° F for 1 hr. 
‘Hf.Q., water-quenched; A.C., air-cooled. 
e Fractured in gage mark. 

^Estimated. 


®Aged after rolling. 
^Discontinued at this time, 
^Overheated at this time. 
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TABLE III.— STUDY GE EFFECT GF HOLDING TIME AT 1200° F IN TEST UNIT 
BEFORE LOADING ON RUPTURE LIFE OF LOW-CARBON N-155 
BAR STOCK AT 1200° F 


Treatment 

(1) 

Holding 

time 

(hr) 

Stress 

(psi) 

Rupture 

time 

(hr) 

Elongation 
in 1 in. 
(percent) 

Reduction 
of area 
(percent) 

2200° F 1 hr W.Q. 

0.8 

45,000 

60 

4 

17.8 


24.0 

45,000 

108 

4 

13.3 

2200° F 1 hr W.Q . ; 

.9 

50,000 

15 

28 

43.7 

l60C° F 24 hr 

24.0 

50,000 

48 

26 

36.2 , 

2050° F 2 hr W.Q. 

- .5 

45,000 

180 

8 

14.4 


24.0 

45,000 

130 

12.5 

14.4 

2050° F 2 hr W.Q. j 

.7 

mm 

98 

31 

34 

l400° F 24 hr 

24.0 

mm 

79 

27.5 

30.8 

2050° F 2 hr W.Q. j 

.5 

50,000 

4l 

36 

37.9 

1400° F 24 hr 

24.0 

50,000 

44 

45 

40.8 


^.Q., 


water quenched. 




































TABLE IT.- COMPARATIVE PROPERTIES OF LOW-CARBON N-155 DISCS AND BAR STOCK 
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Cross section l|-X Longitudinal section near center of bar 

(a) Macrostructure of low -carbon N-155 hot-rolled bar stock. 
Etchant: 2 hours in Marble’s Reagent at 160° F plus 
15 minutes in aqua regia in glycerine at 120° F. 



(b) Microstructure of low-carbon N-155 hot-rolled bar stock. 
(Electrolytic chromic acid etch.) 

Figure 1.- Structure of original bar stock. 
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Figure 2.- Diagram showing treatments used on the low -carbon N-155 bar stock. 
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o 1400° F 24 hr after 15 percent 
hot -cold -work 


Figure 3.- Effect of aging and rolling on properties of hot-rolled bar stock of 

low-carbon N-155 alloy. 
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Figure 4.- Effect of time and cooling 
rate on properties of solution- 
treated bar stock of low -carbon 
N-155 alloy. 


Figure 5.- Effect of solution-treating 
temperature on properties of low- 
carbon N-155 alloy bar stock. 
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t 


100X 


(a) As -rolled. 


1000X 



100X 1000X ^NACA^ 

(b) 1800° F 2 hours. 

Figure 6.- Effect of solution-treating temperature on the micro- 
structures of low -carbon N-155 bar stock. All specimens were 
water -quenched from temperature. Electrolytic chromic acid 
etch. 
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10QX 1000X 

(c) 1950° F 2 hours. 



100X 


n 100QX 

(d) 2050° F 2 hours. 

Figure 6.- Continued. 
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100X 


(e) 2100° F 1 hour. 


1000X 



Figure 6.- Continued. 
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100X 


(g) 2200° F 1 hour. 



1000X 



100X 


(h) 2250° F | hour. 


1 -'S 

1000X 


Figure 6.- Continued. 
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Figure 6 .- Concluded. 
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o As -rolled 

□ 2050° F water -quenched 2 hr 
A 2200° F water -quenched 1 hr 

Figure 7.- Effect of aging at various temperatures on bar stock of low 

carbon N-155 alloy. 
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100X 1000X 

(a) Solution-treated 2200° F 
1 hour, water -quenched. 



Figure 8.- Effect of aging at two temperatures on microstructure of 

low -carbon N-155 bar stock. 
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Figure 8.- Concluded. 
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□ 2050° F water-quenched; aged at 1400° F 

A 2200° F water -quenched; aged at 1400° F 
a 2200° F water-quenched; aged at 1350° F 


Figure 9.- Effect of aging time on properties of solution-treated bar stock of 

low-carbon N-155 alloy. 
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o Unaged 

• Aged 24 hr at 1400° F 
after reduction 


1 5 -percent JP 
reduction "p 

10-percent f* 
reduction IF 


Hot -rolled 

2050° F 2 hr, water-quenched 
2200° F 1 hr, water -quenched 
Hot -rolled 

2050° F 2 hr, water-quenched 


o Hot-worked 

X 1800° F water-quenched 

• 1950° F water^quenched 

□ 2050° F water -quenched 

A 2200° F water-quenched 

■ 2050° F water-quenched, 24 hr 1400° F 

A 2200° F water-quenched, 24 hr 1400° F 


Figure 10. - Effect of 
prior treatment on 
properties of 15 per- 
cent hot-cold -worked 
bar stock of low- 
carbon N-155 alloy. 


Figure 11.- Effect of 
hot-cold -work at 
various tempera- 
tures on properties 
of bar stock of low- 
carbon N-155 alloy. 


Figure 12.- Effect of 
hot-cold-work at 
1200° F on proper- 
ties of bar stock of 
low -carbon N-155 
alloy. 
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Figure 13.- Microstructure of solution-treated and hot-cold -worked 
low -carbon N-155 bar stock. (Solution-treated 2050° F 2 hr, 
water-quenched; 25 percent hot -cold-work at 1200° F. Electrolytic 
chromic acid etch.) 
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Figure 14.- Range in properties of low -carbon N-155 alloy for various types 
of treatment. Ranges shown are those now available and may not cover 
all possible treatment. (Aging treatments: 1350° - 1750° F; solution 
treatments: 1800° - 2300° F; hot -cold -work: 5- to 25-percent reduction 
at 1000° - 1800° F.) 
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Figure 15.- Typical curves of stress against rupture time for low -carbon N-155 alloy. 



0.2-percent -offset yield strength, psi 
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Brinell hardness 
Treatment 


<5 Hot-rolled; hot-cold-worked 
O Hot -rolled; aged 
x Solution-treated; hot-cold-worked 
□ Solution-treated; aged 


Figure 16.- Relationship between 0.2-percent -offset yield strength of low- 
carbon N-155 alloy at room temperature and Brinell hardness. 
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Treatment 

G Hot-rolled; aged 
d Hot-rolled; hot-cold-worked 
* Solution-treated; hot-cold-worked 
O Solution-treated; aged 

Figure 17.- Relationship between 0.02 -per cent -offset yield strength of low 
carbon N-155 alloy at room temperature and Brinell hardness. 
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Figure 18.- Relationship between rupture strength of low -carbon N-155 alloy 

at 1200° F and Brinell hardness. 




